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INTRODUCTION 
Advances in fracture mechanics techniques used to perform 
structural analyses of weld zones in nuclear reactor pressure 
vessels have generated an increasing need for more accurate data 
than can be provided by current in-service (lSI) pulse-echo ultra-
sonic (UT) methods. Because of its ability to provide good reso-
lution in thick sections, holography has been suggested as a 
method of sizing and characterizing indications in reactor pres-
sure vessels (Collins and Gribble, 1972). The Production Proto-
type Pressure Vessel Imaging System (PVIS) described here was 
developed for the Electric Power Research Institute (EPRI) as an 
add-on tool for existing pressurized water reactor (PWR) lSI 
equipment. 
DISCUSSION 
When focused transducers are used for UT inspection, the reso-
lution that can be achieved in the lateral direction can be ex-
pressed as (Dau et al., 1972): 
(a) VinTek, Inc., 2400 Stevens Drive, Section B, Richland, WA, 
99352 
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Ax = bU/a 
where A = UT wavelength in the medium, 
a = transducer aperture, 
b = approximately 1 and depends on the resolution criteria 
in dB, and 
f a focal length of the transducer. 
Depth resolution can be expressed as Az ~ bA(f/a)2. Depth 
resolution supplied by the focusing can usually be improved by 
using short pulses to provide good time-domain resolution. In 
conventional pulse-echo systems, lateral resolution is signifi-
cantly inferior to range resolution and limits the quality of 
imaging and defect sizing. Resolution can be improved by any 
combination of the following: decreasing the wavelength, decreas-
ing the distance between the transducer and the indication, or 
increasing the aperture. 
Each of the remedies mentioned above has inherent limitations'. 
A decrease in the wavelength is ultimately limited by greater 
attenuation at higher frequencies in many media. A decrease in 
the distance between the transducer and the object is limited by 
the depth of the object. Increases in the effective aperture can 
be accomplished in several ways, which are discussed elsewhere 
(Schmitz et al., 1982). For example, a larger focused transducer 
can be used, but the size is limited by the practical considera-
tions of constructing a large transducer with accurate phasing 
across the entire face. Alternatively, a small transducer can be 
used and a larger aperture synthesized by processing the informa-
tion from many transducer positions. 
Scanned acoustical holography was chosen for the PVIS project. 
Both lateral and range resolution were derived from phase informa-
tion to the received tone burst signal as the transducer position 
was varied over a large aperture. With scanned acoustical holo-
graphy, the transducer illuminates a large area (Hildebrand and 
Brenden, 1972) by using either a point source or the diverging 
beam beyond the focus, which is a virtual point source. The phase 
of the return signal is recorded over a two-dimensional (2-D) 
matrix of points and the image is later reconstructed from the 
phase information. The transducer is scanned in a manner similar 
to that described by Brophy, et a~. (1978),but the reconstruction 
is done by a computer rather than by optical processing. Neeley 
(1983) describes the technique used here, along with various data 
processing improvements. The effective aperture, which is the 
region over which usable phase information is received from the 
object, is limited by the area of the scan and the area that can 
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be covered by the transducer at a fixed point (i.e., how well it 
approximates the point source). 
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During shutdown, the operating components of the PWR are re-
moved and the vessel is inspected by manipulating the transducers 
that are mounted on a mast-type boom. The vessel is filled with 
water, which provides acoustical coupling. The boom, manufactured 
by Programmable and Remote Industries (P&R), is presently being 
used to position conventional UT transducers. With this device, 
conventional systems can reliably locate indications; however, 
they cannot size them accurately. The PVIS scanner is also 
mounted on the boom and must be lightweight because of the large 
arm moment but be able position to transducers accurately within 
one-tenth of a wavelength. Figure 1 is a photograph of the holog-
raphic scanner mounted on the PaR boom just below the conventional 
UT scanner. The three legs of the scanner are placed in contact 
with the pressure vessel wall so that its position can be defined 
precisely. The transducer performs a 2-D scan to acquire phase 
information for the hologram. 
Fig. 1. Imaging Scanner Mounted on PaR Pivot Boom (Photo 
supplied by Combustion Engineering, Windsor, CT) 
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The following steps are required to achieve three-dimensional 
(3-D) imaging: 1) phase information of a hologram is acquired 
over 2-D scan of voints; 2) an image is calculated for a selected 
depth from the ho1ogram; 3) the image is displayed; 4) the process 
is repeated for various depths; and 5) a 3-D display is produced. 
Display orientation can be changed by using special rotate and 
tilt hardware. This allows the user to inspect the indication 
from different aspects, determine its maximum size, and observe 
spatial relationships. 
The backward wave projection algorithm consists of Fourier 
transforming the hologram, multiplying it by the back propagator, 
and performing the inverse Fourier transform, which becomes the 
magnitude of the image. The depth of the reconstructed image is 
determined by the back propagator, which is the function exp 
(ikR)/R from the field point to the scanning plane. 
Tests were performed to determine the resolution achieved with 
holographic imaging. In one test series a Y pattern of bottom-
drilled holes was scanned with longitudinal waves to produce a 
hologram that resolved all the holes. Figure 2 illustrates the 
difference between the resolution of this holographic technique 
and that of a conventional UT amplitude image using a plane-wave 
transducer. 
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LONGITUDINAL WAVE IMAGE 
Fig. 2. Comparison of Conventional UT and Holographic Imaging 
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PVIS software integrated views of the cracks from several 
angles to provide accurate sizing data. This is necessary because 
each view only sees the projection of the crack onto its plane. 
The results of image integration on a fatigue crack that was grown 
in a test block by Combustion Engineering are shown in Figure 3. 
The stainless steel cladding used to protect reactor pressure 
vessels from corrosion interferes with the acquisition of quality 
images and accurate defect sizing through its effect on ultrasonic 
propagation. The first effect of cladding irregularity on propa-
gation is time delay or phase shift; however, the hologram can be 
corrected if this phase shift is subtracted from the phase of the 
hologram. This can be done by making a hologram of the cladding 
front surface; making a complex conjugate of that hologram; and 
multiplying the conjugate by the hologram of the defect within the 
cladding. 
These holograms can be obtained by scanning with the range 
gate set to receive the information from the depth of the defect. 
Next, the object is scanned with the range gate set to receive the 
phase information from the sonic energy scattered by the cladding 
surface. When the complex surface hologram is multiplied by the 
complex defect area hologram, phase shifts due to the surface are 
cancelled. 
This technique corrects the phase of the hologram (Neeley, 
1983). The number of wavelengths between the transducer and the 
flaw determines the phase term in the hologram. For a fixed total 
distance of travel, changes in the relative amounts of water and 
metal paths change the phase because of the ultrasonic velocity 
difference between water and metal. This condition occurs when 
imaging through rough surface cladding because clad thickness 
changes at each point. The phase of the hologram can be expressed 
8S 
Fig. 3. Integrated Section View Image, CE Test Block 
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where 4>0 is the phase associated with a smooth surface and path to 
the flaw, and 4> is the phase due to a rippled surface. A second 
r hologram taken of the surface reflection only can be expressed as 
"2 = exp i4>r 
If the first hologram term is multiplied by the complex conju-
gate of the second, an undistorted hologram results: 
"1 • H2* = [exp i(1) + 4> ) ][exp - iet>. ]. = ex i1> orr 0 
Although this discussion is useful as a descriptive review of 
the surface correction process, it ignores several components of 
the distortion term. For example, the front surface hologram 
contains only those phase terms due to changes in water path and 
disregards those in metal path. In spite of this, the correction 
is very useful because the lower velocity in the water path causes 
most of the phase distortion. 
Figure 4 shows a hologram of the test block with a side-
drilled hole and the defect within it. In the image reconstructed 
without correction, we see that portions are missing due to uncor-
rected cladding refraction. Using a program called CLAD 1, the 
hologram was corrected by using the front surface hologram, which 
improves the image of the side-drilled hole. The cladding is 
almost a periodic structure and can be approximated as a periodic 
cylindrical lens; therefore, a program called CLAD 2, was used to 
model the cladding as a cylindrical lens, producing a corrected 
image. This provided a fairly good correction without requiring a 
second scan. 
The amount of improvement that can be provided by either cor-
rection is limited because there is absolutely no illumination of 
the defect when the critical angle is exceeded. However, as the 
transducers are moved, the angles change and the defect is illu-
minated during part of the scan. This provides some data for a 
reconstruction, which is a significant improvement over conven-
tional UT where there is no correction at all. 
Scanned holography offers the following advantages: 1) a 
large effective aperture is obtained for high resolution; 2) 3-D 
information can be stored in a 2-D array; and 3) surface 
distortion can be corrected. Some potential applications of 
scanned holography that merit consideration include high-resolut-
ion imaging of deep flaws such as those found in thick sections of 
submarine hulls, large ordnance, and heavy armor. It should also 
be considered where surface distortion must be corrected for as on 
corroded, clad, fouled, and textured surfaces. 
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A. UNCORRECTED HOLOGRAM OF SIDE· 
DRILLED HOLE IN SS-CLAD CE BLOCK 
C. CORRECTED IMAGE USING CLAD 2 
E. CORRECTED HOLOGRAM USING 
CLAD 1 
B. RECONSTRUCTED IMAGE FROM 
HOLOGRAM A 
D. CORRECTED IMAGE USING CLAD 1 
F. CORRECTED HOLOGRAM USING 
CLAD 2 
Fig. 4. Comparison of CLAD 1 and CLAD 2 Distortion Correction 
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DISCUSSION 
R.K. Elsley (Rockwell International Science Center): That correction 
for the water path variation on the irregular surface, could 
that have been done more simply by just time dating on the 
front surface echo and measuring your phase with reference to 
the phase on the front surface echo? 
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P.M. Gammell: What we did in this program is we got the front 
surface echo, we actually pulled the focus back into the water. 
We pulled the focal length for the transducer back to the water 
to get a hologram on the front surface, but I think what you 
are saying is if we could somehow--and I'm not sure what 
modifications in the transducer might be involved--get the two 
at the same time, it would be much faster. 
What you are even suggesting is if we get the two at the same 
time, take the differential phase, is what you are suggesting, 
and then only bang one set of numbers off the computer. That 
would be a neat idea to think about, and the only thing that 
would make it less than simple is the moving the focus around, 
unless there's some neat way we can do that with the transducer 
itself. That would make it really simple. 
By the way, on the correction, with the water path correction, 
there's still an error on the irregularity in the steel itself, 
but that's a much smaller change when the sound travels faster 
than the steel. 
We had tried a back surface correction using the back surface 
echo on the flight. The only problem that runs into is the 
very place you want the information, it may be shadowed by the 
defect, and so that's why we did it. It is in the report. It 
works sort of so-so, and we threw it away. But I like the 
suggestion of trying to minimize the data, literally pre-
processing an analog. 
J.e. Coffey (CEGB, Manchester, England): May I just make an obser-
vation? I'd like your comment upon it. We tried holography 
at our laboratories and have been rather disappointed with 
the results obtained particularly using shear waves. The 
problem has arisen with the interpretation of the image. 
We were getting poor positioning of the image in depth, and I 
think that this may have been due to this sort of phenomenon: 
If you imagine looking at a curved crack when scanning with 
what's effectively a divergent beam, then the bright part of 
the field is not at a half phase itself but at the focal point 
that the curved crack causes, and that's what you see in the 
image. 
When you look at the image, your mind is drawn to the bright 
parts of the image but they are not necessarily where the 
crack is physically. Could you give me your feelings on 
that? 
